The insulin-like growth factor (IGF) axis is thought to play a role in host immunity, prompting speculation that it might also affect the host immune response to HIV and influence the rate of HIV disease progression [1] [2] [3] [4] . IGF-I, a peptide hormone with strong mitogenic and antiapoptotic activity, mediates many of the effects of growth hormone (GH), and most cells, including human thymocytes, express the IGF-I receptor [1] . IGF-I can inhibit the apoptosis of hematopoietic progenitor cells [5] , and, in animal models, IGF-I administration has been shown to stimulate thymic growth, increase lymphocyte numbers, and partially reverse age-related thymic atrophy [1] . Moreover, the administration of recombinant human IGF-I to cats with feline immunodeficiency virus infection was found to induce thymic cortical regeneration [6] .
IGF-binding proteins (IGFBPs) may also play a role in HIV-disease progression. Although IGFBPs were originally considered to be passive circulating transport mol-ecules, they are now understood to play a variety of roles in circulation and within cells [7, 8] . IGFBP-3 is the most abundant IGFBP in serum [7] and has IGF-independent effects that are largely opposite those of IGF-I; that is, IGFBP-3 is proapoptotic [7, 9 -17] and has direct antiproliferative effects on the cell cycle [16, 18 -22] . IGFBP-3 is expressed by immune cells as well as related stromal cells [1] , and, in bone marrow models, IGFBP-3 (but no other IGFBP) was found to inhibit hematopoietic stem cell development [8] . It is reasonable, therefore, to hypothesize that high IGFBP-3 levels might limit the capacity of HIVinfected patients to replace depleted immune cells, including CD4 ϩ T cells.
No studies, however, have actually addressed the fundamental question of whether circulating endogenous levels of IGF-I and IGFBP-3 are associated with HIV disease progression. Observational studies have to date focused mainly on the associations between IGF-I and metabolic disorders in HIV-infected patients, such as lipodystrophy and AIDS wasting [23] . Although these studies contributed useful information on HIV-related metabolic conditions, they were typically small (n Ͻ 100) and cross-sectional and cannot be used to address the pathogenesis of HIV/AIDS. One observational study of 76 HIV-infected patients that focused on stage of HIV disease found that higher CD4 ϩ T cell count was cross-sectionally associated with higher IGF-I level, higher IGFBP-3 protease activity, and lower total IGFBP-2 level [3] . The prospective predictors of HIV disease progression could not be studied, however. Furthermore, coinfection with hepatitis C virus (HCV) was generally not assessed in prior studies, despite evidence that it is an important potential confounder; that is, HCV has been reported to affect HIV disease progression [24] as well as IGF-I and IGFBP-3 production by the liver [25] .
Several small clinical trials, principally pilot studies, have been conducted to evaluate the effects of administering IGF-I, GH, and GH-releasing hormone to HIV-infected patients, but, as with the prior observational studies, most of these trials focused on lipodystrophy and AIDS wasting [23, 26] . One study of 5 HIV-infected adults that focused on HIV pathogenesis found that administration of GH for 6 -12 months increased thymic mass and circulating naive CD4 ϩ T cell counts [27] , whereas another small pilot study with a shorter follow-up found no effect of GH and/or IGF-I level on CD4 ϩ T cell count [28] . Notably, the impact of these interventions on IGFBP-3 levels and how this might have influenced treatment outcomes were not addressed, even though IGF-I and GH administration increase IGFBP-3 levels.
The present investigation is the first large prospective investigation of the associations of circulating endogenous levels of IGF-I and IGFBP-3 with the risk of incident clinical AIDS. To best understand these biological relationships, we wished to study HIV disease progression unaffected by the use of highly active antiretroviral therapy (HAART); therefore, only specimens and data obtained before the HAART era were used. If an association of IGF-I and/or IGFBP-3 level with incident AIDS was observed, not only would it provide insight into HIV pathogenesis, it would raise the possibility that the IGF axis could be a target for interventions to slow HIV disease (e.g., to extend the time before use of HAART becomes necessary).
METHODS
Subjects and specimens. The Women's Interagency HIV Study (WIHS) is a large multi-institutional prospective cohort investigation of the natural history and pathogenesis of HIV/ AIDS in women. As reported in detail elsewhere [29] , between October 1994 and November 1995 the WIHS enrolled 2058 HIV-infected and 568 HIV-uninfected women 13 years of age from similar clinical and outreach sources at sites in Brooklyn and the Bronx, NY; Chicago, IL; Los Angeles and San Francisco, CA; and Washington, DC. On an ongoing semiannual basis, WIHS subjects undergo an interview and physical examination, during which a blood sample is collected. The WIHS protocol was approved by each local institutional review board, and all participants provided written informed consent. For the present investigation, we selected a random sample of 1450 HIVinfected and 150 HIV-uninfected women. Subjects who missed sequential visits during the first 2 years of follow-up were excluded. Of those selected, 1422 HIV-infected and 146 HIVuninfected women had enrollment serum specimens available for testing. The HIV-uninfected women were tested solely as a convenient means for establishing IGF-I and IGFBP-3 strata (see below). Follow-up in this substudy was limited to the pre-HAART era (i.e., before April 1996, when HAART use began to involve 5% subjects). This restriction was made to optimally assess the biological associations of HIV pathogenesis with endogenous IGF-I and IGFBP-3 levels, given that HAART could potentially alter IGF-I or IGFBP-3 levels and/or perturb their relationship with HIV disease. Notably, had we instead censored women at HAART initiation, it might have introduced confounding by indication, because patients who start treatment are on average less healthy than those who do not (even after controlling for CD4 ϩ T cell counts and HIV RNA levels) [30] .
Laboratory measurements. T cell subsets were determined by flow cytometry [31] . Plasma HIV RNA levels were measured with a nucleic acid sequence-based amplification technique that had 4000 copies/mL as its lower threshold of detection (Organon Teknika). HCV serological analysis was performed at baseline using the Abbott HCV EIA 2.0 or 3.0 (Abbott Laboratories). Levels of aspartate aminotransaminase (AST), alanine aminotransaminase (ALT), and albumin, used as measures of liver function, were measured in fresh specimens by standard methodology in Clinical Laboratory Improvement Amendmentscertified facilities, as were hemoglobin levels.
All serum specimens were stored at Ϫ70°C until tested. Concentrations of total IGF-I and IGFBP-3 were determined using commercially available ELISAs from Diagnostic Systems Laboratories (Webster; kits 10-2800 and 10-6600, respectively), in accordance with the manufacturer's recommendations. In previous testing in our laboratory, the coefficient of variation within and between batches, respectively, was 3.6% and 4.9% for total IGF-I level and 4.2% and 5.5% for IGFBP-3 level, on the basis of masked specimens tested in 45 separate batches (data not shown).
Statistical analysis. IGF-I and IGFBP-3 data were a priori divided into strata, in keeping with what has commonly been done in epidemiological studies of IGFs and cancer [32] . Specifically, we used quartile values of total IGF-I and IGFBP-3 levels in the representative subsample of 146 HIV-uninfected WIHS subjects (i.e., levels unaffected by HIV disease) as a convenient basis for defining the IGF-I and IGFBP-3 strata serocutoffs in our analyses. HIV-uninfected subjects did not otherwise contribute to this study of incident clinical AIDS. In preliminary data analysis, using linear regression, we studied the crosssectional univariate associations of total IGF-I and IGFBP-3 levels with selected patient characteristics at baseline, including CD4 ϩ T cell count, plasma HIV RNA level, clinical AIDS, history of injection drug use (IDU), HCV serostatus, alcohol consumption, AST level, ALT level, albumin level, hemoglobin level, cigarette smoking, body mass index (BMI), and race/ethnicity. Multivariate linear regression was then used to determine which factors were independently associated with IGF-I and IGFBP-3 quartile-factors that might confound our main analyses of incident clinical AIDS and its associations with IGF-I and IGFBP-3 levels (see below). Age, CD4 ϩ T cell count, and HIV RNA level were included in all models because of their perceived biological importance, as were other variables that were significant in univariate analysis.
Clinical AIDS was defined as a self-report of any of the 26 clinical AIDS surveillance definitions specified in the 1993 Centers for Disease Control revision [33] . Multivariable Cox models were then used to study the association of incident clinical AIDS (among women free of clinical AIDS at baseline) with IGF-I and IGFBP-3 quartile, adjusted for age and other potential confounders. As a first step, we assessed an a priori model, defined before beginning preliminary data analysis, which included baseline CD4 ϩ T cell count, HCV serostatus, age, IGF-I level, and IGFBP-3 level. Plasma HIV RNA level and other potential covariates defined at baseline were evaluated in subsequent models. Specifically, all-subset selection [34, 35] was used to exhaustively evaluate all potential covariates (parameters) and all possible combinations of these potential covariates. In accordance with the approach described by Miller [36] and others [34, 35] , any variables that were found to consistently contribute to informative and high-ranking models-as assessed using the overall score statistic at each level of complexity (i.e., the number of parameters in the model)-were subsequently examined in models that incorporated age, IGF-I level, and IGFBP-3 level. A major advantage to this approach (e.g., compared with commonly employed stepwise procedures) is that all-subset selection is more likely to appropriately include covariates in the final model that are noted to be confounders of the variable(s) of interest only when the model contains other pertinent covariates. For completeness, we also assessed whether any covariates found to be significantly associated with IGF-I or IGFBP-3 level or any predictors of incident clinical AIDS in "univariate" models (adjusted only for age) meaningfully altered the effect estimates for IGF-I and IGFBP-3 levels.
Although incident clinical AIDS was our major end point, we also studied the associations of IGF-I and IGFBP-3 with changes in CD4 ϩ T cell count and HIV RNA level. The short follow-up time, though, limited our ability to accurately estimate slopes, because these levels are known to have substantial intraindividual variability [37, 38] -for example, with short follow-up there can be large increases followed by large decreases in the CD4 ϩ T cell count (or vice versa), data that can not be meaningfully summarized by a single slope. To address this issue, we limited analysis to women who had a clear pattern to their findings through the first 3 visits. Specifically, for CD4 ϩ T cell count, case patients were women with Ͼ50 CD4 ϩ T cells/mm 3 at baseline who had a rapid and persisting CD4 ϩ T cell count decline, defined as follows: compared with baseline, the CD4 ϩ T cell counts at both the second and third visit either (1) fell into a lower CD4 ϩ T cell stratum (based on 4 strata, namely, Ͼ500, 200 -500, 50 -Ͻ200, and Ͻ50 CD4 ϩ T cells/mm 3 ) or (2) had a 50% reduction in count (within the same stratum). In a second analysis, we used a more-moderate 20% reduction in CD4 ϩ T cell count in the definition. The comparison group was women whose CD4 ϩ T cell count remained at 95% of the baseline value through the first 3 visits. A similar approach was used for HIV RNA. Case patients were women with an HIV RNA level Ͼ4000 copies/mL at baseline who had a rapid and persisting increase in HIV RNA level, defined as follows: compared with baseline, the HIV RNA level at the second and third visit either (1) fell into a higher HIV RNA stratum (i.e., 4000 -Ͻ20,000, 20,000 -Ͻ100,000, and 100,000 copies/mL) or (2) doubled in level. The comparison group was women whose HIV RNA level remained 105% of baseline through the first 3 visits. Multivariate logistic regression was then used to study the association of total IGF-I and IGFBP-3 levels with the case-control status for each end point. Table 1 shows selected baseline characteristics of the 1422 HIVinfected subjects included in this study and the cross-sectional associations of IGF-I and IGFPB-3 levels with these characteris- tics. A low IGF-I level was significantly associated with a low CD4 ϩ T cell count and a high HIV RNA level, albeit not with clinical AIDS. A number of other factors were also associated with IGF-I levels, and, in the final multivariate model, the level of IGF-I was associated with the CD4 ϩ T cell count, HIV RNA level, age, race/ethnicity, HCV serostatus, BMI, and the level of IGFBP-3. For IGFBP-3 levels, we observed cross-sectional associations with the level of HIV RNA but not with CD4 ϩ T cell count or clinical AIDS, and, in the final multivariate model, IGFBP-3 levels were significantly associated with HIV RNA levels, age, race/ethnicity, HCV serostatus, and IGF-I levels.
RESULTS
Incident clinical AIDS occurred in 101 of the 1010 women without AIDS at baseline (before April 1996). Cox proportional hazards models were used to assess the associations of circulating IGF-I and IGFBP-3 levels with the risk (hazard ratio [HR]) of AIDS as well as to identify relevant cofactors. Preliminary Cox models that adjusted only for age are shown in table 2. Having a low CD4 ϩ T cell count, high HIV RNA level, use of azidothymidine, low BMI, low hemoglobin level, HCV seropositivity, and high AST level were each significant predictors of incident clinical AIDS. IGF-I and IGFBP-3 levels were not significantly associated with the incidence of clinical AIDS in these initial models. 
NOTE.
Percentages do not always total to 100% because of rounding. The total no. of subjects does not always equal 1422 because of the unavailability of the indicated data. Serocutoffs for IGF-I and IGFBP-3 were defined using the quartile values obtained in a random subsample of HIV-uninfected women enrolled in the Women's Interagency HIV Study. For IGF-I, these serocutoffs were 173, 219, and 275 ng/mL. For IGFBP-3, these serocutoffs were 2497, 3094, and 3660 ng/mL. The univariate analyses show results based on the absolute (continuous) values for IGF-I and IGFBP-3 (to demonstrate scale). However, the multivariate analysis is based on the quartile of IGF-I and IGFBP-3 level, consistent with the use of these quartiles in studying the associations of IGF-I and IGFBP-3 with the risk of incident AIDS. Thus, the effect estimates in the multivariate models indicate the strength of the association but do not relate to the SD of IGF-I or IGFBP-3 level (as would be the case if their continuous values were used in the analysis). ALT, alanine transaminase; AST, aspartate transaminase; AZT, azidothymidine; CI, confidence interval; OR, odds ratio. a *P Ͻ .05; **P Ͻ .01; ***P Ͻ .001. b P trend is reported only for ordinal data and only if statistically significant (i.e., Ͻ.05).
However, in multivariable Cox analysis, the level of IGFBP-3 was highly significant and, as hypothesized, was positively associated with the risk of incident AIDS (table 3) and abnormal liver function test results were also highly significant predictors of incident clinical AIDS in multivariable models, but inclusion of these predictors did not meaningfully alter the relationship between IGFBP-3 levels and the end point or its statistical significance. The level of IGF-I was not significantly associated with AIDS (although the relationship was in the predicted direction), nor was age, but both were retained in the final model because of their perceived biological relevance to the study of IGFBP-3 and AIDS. The trend in HRs across IGFBP-3 quartiles showed that there was a gradient of increasing risk of incident clinical AIDS with increasing IGFBP-3 level (P trend ϭ .02). Table 4 shows the associations IGF-I and IGFBP-3 levels with risk of a rapid and persistent decline in CD4 ϩ T cell count. There were 83 women who had complete data for the first 3 visits and met our strict case definition-that is, a CD4 ϩ T cell count that (1) at the second and third visits fell into a lower CD4 ϩ T cell stratum than at baseline or (2) remained in the same stratum but All results normal Reference NOTE. The 101 first AIDS events were as follows: 17% esophageal candidiasis, 15% herpes simplex, 13% encephalopathy, 12% pneumocystitis carinii pneumonia, 10% recurrent pneumonia, 8% tuberculosis, 6% wasting syndrome, 4% Mycobacterium avium complex, 3% cryptococcosis, and 12% other (i.e., Ͻ2% each for cervical cancer, Kaposi sarcoma, toxoplasmosis, uterine cancer, skin cancer, non-Hodgkin lymphoma, cytomegalovirus [CMV], CMV retinitis, and histoplasmosis). ALT, alanine transaminase; AST, aspartate transaminase; AZT, azidothymidine; CI, confidence interval; HR, hazard ratio.
was 50% lower. The comparison group was 190 women with complete data and a stable or increasing CD4 ϩ T cell count. In multivariable logistic regression, we observed contrasting associations of IGF-I level (odds ratio [OR] q4-q1 , 0.32 [95% CI, 0.12-0.83]; P trend ϭ .02) and IGFBP-3 levels (OR q4-q1 , 2.40 [95% CI, 0.95-6.09]; P trend ϭ .02) with the risk of rapid and persistent CD4 ϩ T cell count decline, after adjusting for the starting CD4 ϩ T cell stratum, age, and HCV seropositivity. A similar but nonsignificant association with IGF-I levels (OR q4-q1 , 0.55 [95% CI, 0.25-1.18]; P trend ϭ .13) was observed using a more moderate decline of 20% (instead of 50%) in the case definition (n ϭ 124 cases), whereas the association with IGFBP-3 levels remained significant (OR q4-q1 , 2.12 [95% CI, 0.97-5.01]; P trend ϭ .01). The findings for a rapid and persisting elevation in HIV RNA level were nonsignificant but showed a similar pattern; that is, the risk of rapid and persisting elevation in HIV RNA levels had a nonsignificant inverse association with the level of IGF-I (OR q4-q1 , 0.53 [95% CI, 0.23-1.23]) and a nonsignificant positive association with IGFBP-3 levels (OR q4-q1 , 1.72
HIV RNA level did not meaningfully alter the above findings (data not shown).
DISCUSSION
This prospective cohort study of Ͼ1400 HIV-infected women found a strong positive association between the risk of incident clinical AIDS and high levels of serum IGFBP-3, the main IGFBP in circulation. Specifically, there was a 2.65-fold increase in the risk of incident clinical AIDS among women in the highest compared with those in the lowest IGBFP-3 strata, an effect that was similar in magnitude to that observed for a low versus a high CD4 ϩ T cell count. The effects of IGFBP-3 level on incident clinical AIDS were estimated using statistical models that controlled for CD4 ϩ T cell count and HCV serostatus, 2 strong predictors of AIDS in the WIHS cohort, and other likely confounders did not significantly contribute to the results. Therefore, our data suggest that serum IGFBP-3 levels may be an independent predictor of HIV disease progression. (see table 3 ) and to minimize the degrees of freedom in the current model given the smaller no. of case patients and control subjects involved in this particular analysis. CI, confidence interval; OR, odds ratio. a *P Ͻ .05; **P Ͻ .01; ***P Ͻ .001. b P trend is reported only for ordinal data and only if statistically significant (i.e., Ͻ.05). Consistent with these findings, we observed that a high IGFBP-3 level was associated with increased risk of a rapid and persisting CD4 ϩ T cell decline during follow-up. We had additionally predicted that the effects of IGF-I would be opposite those of IGFBP-3, and indeed IGF-I had an inverse association with the development of rapid and persisting declines in CD4 ϩ T cell count in prospective analysis. Similarly, in cross-sectional analysis, having poor immune status at enrollment (i.e., a low CD4 ϩ T cell count and high HIV RNA level) was associated with a low IGF-I and a high IGFBP-3 level, although the association between IGFBP-3 levels and CD4 ϩ T cell count was not as clear cross-sectionally as it was prospectively (see above). The surprising finding was that the IGF-I level, despite its strong relationship with CD4 ϩ T cell count, was not statistically significantly associated with the risk of incident clinical AIDS; nonetheless, this relationship was in the expected (inverse) direction.
As a whole, these findings provide evidence that interindividual heterogeneity in the IGF axis may be an important host factor in HIV pathogenesis and for the first time indicate that high circulating IGFBP-3 levels may increase the rate of progression to incident clinical AIDS. Although there has been considerable speculation that high circulating IGF-I levels in HIVinfected patients might help preserve thymic mass and function as well as CD4 ϩ T cell count [4, 27] -with the latter supported by the data in the present study-there has been little similar discussion regarding IGFBP-3. IGFBP-3 could play a biological role in HIV pathogenesis either through its effects on IGF-I (binding and sequestering IGF-I in circulation) or independent of IGF-I. IGFBP-3 has been shown to bind cellular targets in the cytoplasm and can localize to the nucleus, where it binds proteins involved in the cell cycle (including Rpb3), suggesting a direct role for IGFBP-3 in the modulation of gene transcription [39] . Cell culture and animal studies show that IGFBP-3 has IGF-independent effects that are largely opposite those of IGF-I; that is, IGFBP-3 is proapoptotic [7, 9 -17] and has direct antiproliferative effects on the cell cycle [16, 18 -22] . Furthermore, IGFBP-3 is expressed by immune cells as well as related stromal cells [1] , and, in bone marrow models IGFBP-3 (but no other IGFBP) was observed to inhibit hematopoietic precursor cell development [8] . We cannot, however, distinguish between the IGF-I-dependent and IGF-I-independent effects of IGFBP-3 in this study; nor can we entirely exclude the possibility that serum IGFBP-3 levels are simply a biomarker for an unidentified risk factor that is strongly associated with incident clinical AIDS.
In the future, prospective studies will need to examine the IGF axis more comprehensively, measuring not only total IGF-I and IGFBP-3 levels but also levels of fragmented IGFBP-3, other IGFBPs, free (unbound) IGF-I, and IGF-II (a related growth factor). Indeed, the incomplete assessment of the IGF axis is one possible reason that we may not have observed a statistically significant association between IGF-I levels and the risk of incident clinical AIDS in this study. The present investigation was also limited in having measured total IGF-I and IGFBP-3 levels only at baseline. Although IGF-I and IGFBP-3 levels are reported to be stable for several years in HIV-uninfected subjects, repeated observations and much longer follow-up of HIV-infected patients will be needed to more accurately measure the association between the IGF axis and the risk of incident AIDS. Furthermore, our study did not address whether serum IGF-I and IGFBP-3 levels are associated with the effectiveness of HAART use, which will be very important to determine in future studies; nor did we study men or children and adolescents. Separate studies of men are necessary because there is extensive biological cross talk between the sex hormone and IGF axes, and there are known sex-related differences in the progression of HIV disease [40] . Separate studies of children will be important because serum levels of IGF-I, IGFBP-3, and other IGF axis components vary considerably during development, and there are known age-related differences in HIV disease progression [41] .
The results of the present investigation await confirmation. If correct, our findings indicate that serum IGFBP-3, and possibly IGF-I, may be involved in HIV disease progression; evidence that interindividual heterogeneity in the IGF axis may be an important host factor in HIV pathogenesis. From a clinical perspective, these data suggest that the IGF axis might be a target for interventions to slow HIV disease progression (and possibly forestall the need to initiate HAART). Such interventions will be of increasing importance as the HAART era continues. As recently stated, "despite declines in morbidity and mortality with the use of combination antiretroviral therapy, its effectiveness is limited by adverse events, problems with adherence, and resistance of HIV" [42] . Further efforts are, therefore, warranted to more comprehensively assess the effects of the IGF axis on HIV disease progression and to determine whether these effects might be exploited to treat patients with HIV infection both before and possibly during the use of HAART.
